We report measurements of the structural, optical, transport, and magnetic properties of single crystals of the anisotropic p-type transparent semiconductor CuAlO 2 . The indirect and direct band gaps are 2.97 and 3.47 eV, respectively. Temperature-dependent Hall measurements yield a positive Hall coefficient in the measured range and an activated carrier temperature dependence. The resistivity is anisotropic, with the ab-plane resistivity about 25 times smaller than the c-axis resistivity at room temperature. Both are activated with similar activation energies. The room-temperature ab-plane mobility is relatively large at 3 cm 2 V −1 s −1 , and we infer a c-axis mobility of 0.12 cm 2 V −1 s −1 . The Seebeck coefficient is positive at all measured temperatures, and has a T −1 dependence over most of the measured range. The low-temperature paramagnetic moment is consistent with a spin-1/2 defect with a density of 3.4ϫ 10 20 cm −3 . These results suggest that the conduction mechanism for p-type carriers in CuAlO 2 is charge transport in the valence band and that the holes are thermally activated from copper-vacancy acceptor states located about 700 meV above the valence-band maximum.
I. INTRODUCTION
CuAlO 2 belongs to the delafossite family of oxides with general formula CuMO 2 , where M includes Fe, Co, Rh, Al, Ga, In, Sc, Y, or a lanthanide. 1, 2 This class of materials has been studied extensively since CuAlO 2 was reported as a transparent p-type conductor in thin-film form. 3 The promise of applications in transparent electronics triggered a flurry of efforts to produce thin-film p-type wide-gap semiconductors to complement the existing wide-gap n-type semiconductors such as ZnO, SnO 2 , and In 2 O 3 . There have been comparatively few studies of the single-crystal form of the delafossites. Such studies should reveal the intrinsic properties and elucidate transport mechanisms and fundamental optical and magnetic properties. In particular, with few exceptions, mobilities reported for CuMO 2 thin films are less than 1 cm 2 V −1 s −1 , and no mobility measurements are available for single crystals, so it is not known whether the material limits have been reached.
The CuMO 2 structure ͑Fig. 1͒ comprises alternating Cu 1+ layers ͑ab plane͒ and corner-sharing MO 6 octahedra stacked along the c axis. Each Cu 1+ ion is twofold coordinated by oxygen, forming a dumbbell structure that connects the MO 6 octahedra. 4 The layered structure decreases Cu-Cu interactions and increases the band gap relative to Cu 2 O, which is also a p-type semiconductor, but is isotropic and has E g = 2.1 eV. This anisotropic geometrical arrangement of the atoms should give rise to anisotropic transport and optical properties. 1, 5 The Cu 1+ layers are expected to be the main conduction channel, with more limited conductivity perpendicular to the layers. Anisotropic transport properties of the CuMO 2 oxides have not been well established, except for the early reports of Shannon et al. 5 ͑which did not include CuAlO 2 ͒ and the more recent reports of Lee et al. 6 and Koumoto et al. 7 None of these reports included mobility measurements.
The electrical-conduction mechanisms of CuAlO 2 are still controversial, and CuAlO 2 has been reported to exhibit variable-range hopping, 6 band-conduction, 3, 8 and small polaron transport. 9 Since most reported experiments were performed on thin film and bulk materials, these results are likely to be influenced by grain boundaries, strain and other defects common in such materials. Such defects limit carrier mobility, and single-crystal measurements should measure the intrinsic carrier mobility, and determine whether true band conductivity is possible.
In addition, the origin of p-type carriers in nominally undoped CuAlO 2 has not been clarified. The conductivity in nominally undoped CuMO 2 is invariably p type, small, and increases strongly with increasing temperature. Evidently the materials are prone to spontaneously producing acceptorlike defects that reside within the gap. Raebiger et al. 10 and Nolan 11 have calculated defect formation energies in CuAlO 2 and related materials and concluded that Cu vacancies are the most likely defect. Ingram et al. 12 have proposed a Cu/Al complex as the relevant defect to explain the conductivity at high temperature.
In this study of CuAlO 2 single crystals, we report a fairly large ab-plane room-temperature hole mobility ͑3.0 cm 2 V −1 s −1 ͒ and a resistivity anisotropy of 40-25 in the temperature range 180-350 K. The carrier-density temperature dependence is consistent with band conductivity resulting from the ionization of a defect, probably a Cu vacancy, that lies about 700 meV above the valence band. There is a low-temperature paramagnetic moment consistent with a density of about 10 20 cm −3 spins that may be related to this defect.
with y in the range 0.4-0.6. Powders of CuO, Cu 2 O, and Al 2 O 3 ͑200 mesh͒ were mixed in stoichiometric proportions, finely ground, and heated to 1100°C for 5 days in air. The resulting powder was a mixture of CuAlO 2 and CuO. Approximately 5 g of this powder was added to 40 g of CuO powder to almost fill a 30 mL alumina crucible, which was covered with soft refractory brick, placed inside an electrical furnace, and heated to 1200°C. After 5 h at 1200°C, the system was cooled at a rate of 5°C / h to 1050°C, and then at 300°C / h to room temperature. CuAlO 2 crystals were separated from the matrix by leaching in hot 1M HNO 3 for 3 days. Additional washing with 1M H 3 NSO 3 reduced any residual CuO flux still further. The unit-cell parameters were examined by a single-crystal Bruker Apex CCD x-ray diffractometer with Mo K␣ radiation ͑0.71073 Å͒. Smaller crystals were reground into powder and conventional x-ray powder analysis was performed with Cu K radiation. The CuAlO 2 crystals for optical and transport measurements were polished to reduce both surface roughness and thickness. The dimensions of the single crystals were measured with an optical microscope. Low-resistance, Ohmic contacts are critical for transport measurements and for the accurate determination of activation energies and anisotropy parameters. Vacuum-evaporated, 200-nm-thick Au contact electrodes were defined with metal shadow masks, and thermally annealed in rough vacuum ͑1 mtorr͒ at 400°C for 30 min to reduce contact resistance. Then, 50-m-diameter Au wires were attached to the contact electrodes with silver epoxy. The transport results presented in Figs. 3 and 4 were reproducible using several different contact pairs and many different crystals ͑for ab-plane measurements͒, and using several crystals polished to different thicknesses ͑for c-axis measurements͒. The contacts were Ohmic, and typical contact resistance values at room temperature were less than 2% of the sample resistance for ab-plane measurements and less than 10% for c-axis measurements.
The ab-plane resistivity ͑ ab ͒ and c-axis resistivity ͑ c ͒ of CuAlO 2 single crystals were measured from 180-350 K in a Quantum Design Physical Property Measurement System ͑PPMS͒ by a four-terminal-four-probe and a two-terminalfour-probe technique, respectively, illustrated in the insets to Fig. 4 . Hall measurements in the ab plane were carried out in a LakeShore 7504 Hall Measurement System, in a magnetic field of 1.5 T in the temperature range 290-430 K. Small circular Au contacts ͑0.03 mm 2 ͒ were deposited on the periphery of the large, flat face of the crystal in the van der Pauw configuration illustrated in the inset to Fig. 3͑c͒ .
The Seebeck coefficients of ϳ50-m-thick CuAlO 2 single crystals, mounted on Al 2 O 3 substrates, were measured from 90-300 K in a home-built system based on a closedcycle He refrigerator. The temperature gradient was measured with a chromel/alumel/chromel differential thermocouple attached to the crystal with an electrically insulating epoxy, and the voltage difference was measured with Au leads attached to Ohmic Au contacts with electrically conducting silver epoxy. The small size of the crystal made it difficult to determine the temperature gradient with good precision, so we consider the Seebeck measurements to be good qualitative trend indicators, but less quantitatively reliable than resistivity and Hall measurements in determining materials parameters.
Optical transmission measurements in the range 200-2600 nm were made on polished 20-m-thick single crystals with the light beam incident along the c axis. The diameter of the beam spot was about 1.5 mm. The spectrometer is based on an Ocean Optics HR 4000 uv-visible spectrometer ͑200-1100 nm, resolution 0.27 nm͒ with a balanced deuterium/tungsten halogen source and an Ocean Optics NIR256-2.5 near-infrared spectrometer ͑800-2600 nm, resolution 6.85 nm͒ with a tungsten halogen source. In each spectrometer, broadband light is incident on the sample via a fiber optic, and collected after transmission in a second fiber optic, which delivers the transmitted light to a grating where it is dispersed and detected on a linear charge-coupled device array ͑uv visible͒ or photodiode array ͑near infrared͒.
Dc magnetic-susceptibility measurements on many crystals, totaling 180 mg, were carried out with a Quantum Design PPMS in a magnetic field of 5000 Oe in the temperature range 5-300 K. Care was taken to avoid magnetic contaminants by careful handling of the crystals with nonmetal tools. Similar measurements were made on independently prepared CuAlO 2 powder. The dc magnetic susceptibility of CuO powder was also measured in the same temperature range so as to estimate the effect of any residual CuO flux on the CuAlO 2 susceptibility.
III. RESULTS

A. Structure
A typical CuAlO 2 crystal grown from the CuAlO 2 / CuO flux was dark blue, lustrous and platelike in shape. The ab-plane dimensions of 1-2 mm, and a thickness of about 100-200 m. Single-crystal x-ray diffraction revealed that the crystals contain no impurity phases, and have a hexagonal unit cell with a = b = 2.857͑2͒ Å, c = 16.959͑7͒ Å, and V = 119.87͑1͒ Å 3 . These cell dimensions match the parameters for the 3R polytype. The c axis is perpendicular to the flat face of the crystal, which makes it relatively easy to separate the ab-plane and c-axis transport properties. The x-ray diffraction pattern of smaller crystals ground into a powder is displayed in Fig. 2 . All peaks between 10°-90°2 are less than 0.1°in 2 and can be indexed to 3R CuAlO 2 with a = b = 2.855 Å, c = 16.958 Å. All peaks display K␣ 1 and K␣ 2 doublets, which can be easily resolved at large 2, and the K␤ peak of the most intense reflection ͑012͒ is also visible. The ͑00l͒ peaks appear with a larger intensity than predicted from a powder sample because the crystallites are platelike and tend to align. There may be some evidence of the most intense peak of 2H CuAlO 2 , but it overlaps the 3R ͑012͒ peak. There is one very small peak at 2 Ϸ 38.8°that is consistent with the K␣ reflection from one of the two most intense CuO lines. We conclude that the single crystals are phase pure and of very good quality, but that a very small residue of the CuO flux may remain on the surface. We subsequently reduced the CuO residual with an acid wash, and found no significant change in the magnetic susceptibility of CuAlO 2 . Figure 3 shows the results of the Hall measurements, the carrier density p, the ab-plane resistivity ab , and the mobility ab of one of the CuAlO 2 crystals. Reliable and reproducible results with low contact resistance were limited to the relatively high-temperature range ͑290Ͻ T Ͻ 430 K͒. The Hall coefficient R H was positive at all temperatures, confirming p-type conduction, and the value at 300 K was +47 cm 3 C −1 . The carrier density was calculated from the Hall coefficient assuming single band conduction, i.e., p =1/ qR H . The carrier density ͓Fig. 3͑a͔͒ increased by a factor of 100 from 7.8ϫ 10 16 cm −3 at 290 K to 8.1ϫ 10 18 cm −3 at 430 K. If a model of thermal activation of carriers from defect to band states is correct, then the carrier density is
B. Transport properties
where p 0 is a prefactor and U is an activation energy related to the position of the acceptor level relative to the valenceband edge, which will be discussed further in Sec. IV. The inset to Fig. 3͑a͒ illustrates the linearity of log p vs 1 / T and the slope of the line yields U = 350 meV. Such linearity suggests thermal activation of the holes from defect to band states, and subsequent band conduction. Figure 3͑b͒ shows, for the same crystal, the semiconductorlike temperature dependence of the ab-plane resistivity ab , which decreases by a factor of 20 from 20 ⍀ cm at 290 K to 1 ⍀ cm at 430 K. Figure 4͑a͒ shows ab for a different crystal measured in a different system in the temperature range 180-350 K. The data agree very well in the region of overlap. Figure 4͑a͒ also shows the c-axis resistivity c , which is higher than ab by a factor of 25 at room tempera- ture and a factor of 40 at 180 K. The resistivity anisotropy is plotted in Fig. 4͑b͒ .
The resistivity data also appear linear on a log vs 1 / T plot ͓inset to Fig. 3͑b͔͒ . In a band-conduction model, the resistivity is related to the carrier density p and the carrier mobility and the fundamental charge q via = ͑pq͒ 
͑3͒
which leads to an Arrhenius-type behavior
but the prefactor contains the mobility, whose temperature dependence may be significant. Nevertheless, if we ignore this prefactor temperature dependence, we obtain U = 236 meV from the higher temperature ab data in Fig. 3͑b͒ , and U = 243 meV from the ab data and U = 256 meV from the c data in Fig. 4͑a͒ . These values are internally consistent, but significantly smaller than the value U = 350 meV extracted from the carrier-density data, which indicates that temperature dependence of the prefactor in Eq. ͑4͒ is not sufficiently weak to ignore. The mobility in the ab plane was calculated from the resistivity and carrier concentration according to Eq. ͑3͒, and is displayed in Fig. 3͑c͒ 16 This suggests that our crystal quality is very good and that we may be measuring intrinsic mobility that is not limited by defects. As the temperature increases, the mobility decreases from 3.4 cm 2 V −1 s −1 at 290 K to 0.8 cm 2 V −1 s −1 at 430 K. The c-axis mobility c could not be directly measured because the crystals were too thin for reliable Hall measurements to be made in the c direction, but it can be inferred from knowledge of the mobility and anisotropy at room temperature. The resistivity anisotropy c ab ͓Fig. 4͑b͔͒ is effectively a mobility anisotropy ab c because p is independent of the carrier transport direction. At room temperature c = 0.12 cm 2 V −1 s −1 . Thus the data indicate that both ab and c increase with decreasing temperature, but that c increases somewhat more slowly. The difference could be due to a different phonon distribution in the two directions, or to larger disorder in the c direction from stacking faults of the 2H and 3R polytypes. The temperature dependence of the ab-plane mobility in Fig. 3͑c͒ is not the textbook ϰ T −3/2 dependence expected from acoustic phonon scattering, 17 but rather stronger, ϰ T −3.8 ͓inset to Fig. 3͑c͔͒ , for which there is no readily obvious mechanism. We know of no mechanism that would cause such strong temperature dependence, but a T −3 mobility dependence has been observed in the "infinite layer" Sr 1−x Cu 2 O materials. 18 It is possible to fit the ab ͑T͒ data to a polaron-type dependence where the mobility would be exponentially activated because of carrier trapping by the distortion of the lattice by polar optical phonons. 9 Such a fit yields an activation energy of 10 meV, which seems too small to be characteristic of optical phonons, which are several tens of meV. 19, 20 The T −1 temperature dependence of the Seebeck coefficient discussed below also seems to support a more conventional band mechanism.
The Seebeck coefficient S and power factor S 2 , where =1/ is the conductivity, of a CuAlO 2 single crystal between 90 and 330 K are shown in Fig. 5 . The S and data for T Ͻ 400 K are from this work, while the higher temperature data are from Koumoto et al. 7 The sign of thermopower of CuAlO 2 is positive, confirming the Hall result. The magnitude at room temperature ͑ϳ300 V K −1 ͒ is fairly large, indicative of semiconducting behavior. With decreasing temperature, S increases approximately as T −1 for T Ͼ 150 K indicating thermally activated behavior from an acceptor state to the valence band and then increases much faster than T −1 for T Ͻ 150 K. This faster increase may be a phonon drag effect. The temperature dependence of S is clearly different from the T 1/2 dependence suggested for a variable range hopping model 21 and also different from the constant value predicted by a small polaron model. 9 The Seebeck data qualitatively support the transport mechanism suggested by the resistivity results. For a semi- conductor exhibiting band conduction, the Seebeck coefficient is
where N V is the effective density of states at the valenceband maximum, p the mobile hole density, and k B and e are Boltzmann's constant and the fundamental charge. The constant r is defined by the energy dependence of the mean scattering time Ϸ E r . 17 With
where E F − E V is the difference between the Fermi energy and the valence-band maximum, this yields
For temperatures T Ͼ 150 K, a fit to Eq. ͑7͒ yields E F − E V in the range 260-350 meV depending on the exact temperature interval used. This value is in reasonable agreement with other measures of the defect energy level as we discuss in Sec. IV.
C. Optical and magnetic properties
The optical absorption, ␣, of a 20-m-thick CuAlO 2 crystal is displayed in Fig. 6 . The absorption is calculated from the transmission without correction for surface reflection. We associate the dominant feature of a large change in absorption near 3.5 eV with absorption across a direct gap, and the more subtle increase starting near 3.0 eV with absorption across the indirect gap. More quantitative analysis, namely, plotting ͑␣E͒ n vs photon energy E, with n = 1 2 for an indirect gap and n = 2 for a direct gap and extrapolating the linear portion to the energy intercept on the ␣ = 0 axis, yields gap values of E g,d = 3.47 eV and E g,i = 2.97 eV, in good agreement with other experimental results on single crystals. 22 The indirect gap is larger than reported for thin films, and may indicate that the thin-film results are dominated by strain effects. Other features in the optical spectrum are broad absorptions at E = 1.7 and 0.85 eV, which we discuss further in Sec. IV.
The magnetic susceptibility of a collection of CuAlO 2 single crystals was measured from 5 to 300 K in 5 K steps in an applied external magnetic field of 5000 Oe. The temperature dependence of the magnetic susceptibility is shown in Fig. 7 . The susceptibility data can be fit with the Curie-Weiss formula
where 0 , ⌰, and C are the temperature-independent susceptibility, the Curie-Weiss temperature, and Curie constant, respectively. 23 The best-fit values to 0 , ⌰, and C are −2.00͑2͒ ϫ 10 −6 emu cm −3 Oe −1 , −1.67͑5͒ K, and 2.09͑1͒ ϫ 10 −4 K, respectively. The Curie constant can be expressed as
where N is the number density of the magnetic ions, g is the Landé g factor, S is the magnitude of the electron spin ͑not to be confused with the earlier use of S for the Seebeck coefficient͒, and B is the Bohr magneton. 23 Assuming that the magnetic moment arises from a defect state with S =1/ 2, the estimated density of paramagnetic defects is N = 3.4 ϫ 10 20 cm −3 . In fully stoichiometric CuAlO 2 , free of magnetic impurities, only Cu 1+ , Al 3+ , and O 2− species exist, none of which have unpaired electrons and thus there should be no paramagnetism. However, as we discuss in Sec. IV, the literature indicates that nonstoichiometry in the form of Cu vacancies ͑V Cu ͒ is likely. Whether such vacancies produce a localized spin-1/2 species, and hence paramagnetism, remains an open question. However, it is interesting to note that the value of N is about 1.3% of the density ͑2.5 ϫ 10 22 cm −3 ͒ of Cu sites in CuAlO 2 and electron-probe microanalysis ͑EPMA͒ indicates that the crystal stoichiometry has a Cu deficiency of 5 Ϯ 4%.
The temperature-independent susceptibility has contributions from core diamagnetism and paramagnetism due to conduction charges and crystal-field energy-level splitting. Since CuAlO 2 is a wide-gap semiconductor, the number of conduction electrons/holes is small, we ignore any paramagnetic contribution from conduction charges. The lack of knowledge about crystal-field energy-level splitting forces us to assume that paramagnetic contribution from crystal-field splitting is small and can be ignored. −3 Oe −1 obtained from the fit to Eq. ͑8͒. More careful measurements in the low-temperature regime would be required to ascertain whether there is any physical significance to the small negative value of ⌰ in the fit.
The question of residual paramagnetic contribution from residual CuO flux must be addressed. Very small quantities of CuO flux present on the surface of the crystals would not affect transport results on single crystals, but the magneticsusceptibility measurement required several hundred single crystals and a signal from residual flux might be significant. CuO is antiferromagnetic with a Neel temperature of 220 K, 25 so, in principle, it should not contribute to lowtemperature paramagnetism, and indeed some authors have reported a small, temperature-independent susceptibility well below the Neel temperature. 26 In contrast, others have reported a paramagnetic contribution to the low-temperature single-crystal CuO susceptibility, suggested to be from noncoupled spins at a density of 10 21 cm −3 . 27 We measured the susceptibility of about 200 mg of the CuO powder used for the flux, and found a low-temperature paramagnetic signal consistent with unpaired spins at a density of about 10 20 cm −3 . Because the magnetic signal is proportional to the total number of spins, and the CuO contributes considerably less than 1% to the x-ray diffraction signal, we can conclude that the magnetic susceptibility measured for the CuAlO 2 crystals is in error by at most 1% due to the presence of residual CuO flux. We also note that we have measured a similar low-temperature paramagnetic moment in CuAlO 2 powders, as shown in the inset to Fig. 7 . These powders were prepared independently by a conventional solid-state synthesis that did not involve excess CuO flux.
IV. DISCUSSION
The structural, transport, and optical properties of singlecrystal CuAlO 2 reported in the previous section provide a coherent picture of the p-type conduction mechanism and the origin of p-type carriers. We suggest that the measurements are consistent with band conduction of holes that are generated from an acceptor level located about 700 meV above the top of the valence band. This acceptor level is likely to be generated by copper vacancies.
The mechanism of conduction in CuAlO 2 has been reported to be of the small polaron type in pressed pellets at temperatures above 900 K, 9 based on an activated conductivity and a temperature-independent Seebeck coefficient ͑thermopower͒. Ingram et al. 9 conclude that the mobility of their CuAlO 2 powders is less than 0.1 cm 2 V −1 s −1 , which is reasonable for a polaron model. Lan et al. 16 reported twodimensional variable-range hopping ͑log ϰ T −1/3 ͒ at temperatures lower than 180 K in high-quality CuAlO 2 thin films, with a crossover to conventional activated conductivity ͑log ϰ T −1 ͒ at higher temperatures. The roomtemperature mobility of their films, 4.0 cm 2 V −1 s −1 , is one of the highest reported for CuAlO 2 in any form. The report of 10.4 cm 2 V −1 s −1 at room temperature in the original report of p-type CuAlO 2 thin films has not been reproduced.
Our conductivity and Seebeck results from single-crystal CuAlO 2 span the intermediate temperature range 180-430 K, and, coupled with the magnetic and optical data, can be interpreted reasonably consistently in terms of a bandconduction model with acceptors located about 700 meV above the valence-band supplying holes for conduction. The Seebeck and Hall measurements confirm p-type conduction of CuAlO 2 . The room-temperature mobility of 3.0 cm 2 V −1 s −1 in CuAlO 2 single crystals is reproducible and robust, and this relatively large value indicates that a polaron model of conductivity is unlikely in this temperature range, since polaron mobilities are generally considered to be below 1 cm 2 V −1 s −1 . As demonstrated in the previous section, the carrier density obeys an Arrhenius behavior of Eq. ͑2͒, with an activation energy of U = 350 meV. Clearly the temperature ranges considered here are too low for intrinsic conductivity to be important ͑the band gap is about 3 eV Ϸ 3.6ϫ 10 5 K͒, therefore defect levels determine the carrier concentration, and U is related to the defect binding energy. The particular relationship between U and the defect binding energy A depends on the temperature range. Consider the simplest case of a single acceptor level of density N A and binding energy A and a single donor level of density N D and binding energy D , as shown in Fig. 8 . If the defect levels were fully ionized, then there would be no dependence of the carrier density on temperature. So assuming that N A Ͼ N D , and that the hole density p is much greater than the electron density n, it is readily shown for a nondegenerate semiconductor that the hole density is given by 
where
is the effective density of states at the valence-band maximum determined by the hole effective mass m V ‫ء‬ , and ␥ is a degeneracy factor that is greater than one for an acceptor defect. Solving for p in a temperature range where p ӷ N D ͑i.e., compensation by the donor defects has little effect on the carrier concentration͒, we find
In the lower temperature range, in the limit that p Ӷ N D ͑i.e., the effect of compensation by the donor defects is important͒, we obtain
In both cases, we expect a linear dependence of log p on 1 / T, but U = A / 2 or U = A depending on the temperature range. For the case at hand, where the carrier density ranges from Ϸ10
17 to 10 19 cm −3 , and if N A Ϸ 10 20 cm −3 ͑based on a 1% Cu deficiency͒, it seems unlikely that the condition p Ӷ N D Ͻ N A can be met, so that the donor concentration should be small, and the temperature range should be such that Eq. ͑11͒ holds and A =2U Ϸ 700 meV, as illustrated in Fig. 8 . The Seebeck result is in qualitative agreement, since in this situation, the Fermi level would lie midway between the valence-band maximum and the acceptor defect, in which case E F − E V Ϸ A / 2 and the fit to the data in Fig. 5 yields A in the range 520-700 meV, depending on the exact temperature range used. Using reasonable parameters in Eq. ͑12͒ ͑m V ‫ء‬ of order the electron mass, ␥ of order unity͒ the measured values N A Ϸ 10 20 cm −3 , and A Ϸ 0.7 eV yield p Ϸ 10 18 cm −3 at room temperature, in agreement with the Hall measurement.
There is evidence in the literature that Cu vacancies are the source of the observed activated p-type conductivity. Several theoretical calculations suggest that the Cu-vacancy formation energy is the lowest of likely acceptor defects in Cu 2 O and related materials such as CuAlO 2 and SrCu 2 O 2 , and that the interstitial oxygen defect, another acceptor, is rather high to be significant. 10, 11 Nolan's calculation of the ionization energy of the Cu-vacancy defect in CuAlO 2 gives 700 meV. 11 The excellent agreement with our result is perhaps fortuitous, but certainly supports the contention that the activation energy we measure is consistent with ionization of a Cu-vacancy defect. Further, Raebiger et al. 10 find that the density of such defects in Cu 2 O is likely to be of order 10 20 cm −3 , in order-of-magnitude agreement with our result. We have no direct spectroscopic evidence of the Cu vacancy, but we can point to some indirect supporting evidence in addition to the agreement between the observed activation energy of the acceptor defect in our samples and the calculated activation energy of the Cu vacancy in CuAlO 2 . We annealed the CuAlO 2 crystal properties in vacuum ͑ϳ10 −3 Torr͒ at 500°C to remove any interstitial oxygen, but the annealed samples showed no detectable changes in structure or electrical characteristics, which is in agreement with the report by Lee et al. 6 Lee et al. also found that CuAlO 2 undergoes no change in structural and electrical characteristics when annealed in an oxygen atmosphere at temperatures lower than 900 K; it decomposes when the annealing temperature is higher. Thus we think O interstitials are unlikely. We also observe small absorption peaks at 1.8 and 0.8 eV ͑Fig. 6͒, similar to those at 1.8 and 0.9 eV reported in singlecrystal optical absorption measurements on CuAlO 2 crystals by Pellicer-Porres et al., 22 who interpret the absorption in terms of transitions between Cu 2+ d levels whose degeneracy is removed by the crystal field, as reported by Ref. 29 . To the extent that a Cu-vacancy results in a redistribution of electron density to form a Cu 2+ species, this interpretation is consistent with ours. The 0.8 eV peak also fits reasonably well with our estimate of 0.7 eV for the binding energy of the acceptor defect level, and may be optical evidence for a valence-band-defect level transition.
A final question is whether the magnetic moment can be identified with the Cu-vacancy defects. 10 so the ground state of the defect is likely to rearrange to give satisfied oxygen bonds, by drawing electron density from the Cu atoms surrounding the vacancy, giving rise to a Cu 2+ species bound to the vacancy. ͑Ionizing this species, i.e., drawing electrons from Cu atoms in the bulk, requires thermal activation and results in activated transport.͒ If the electron spin density is sufficiently localized, then a paramagnetic moment would result. LDA+ U calculations for the magnetic properties of Cu 2−x O by Nolan and Elliot 30 suggest that the electron spin density associated with a vacancy is confined to a region of about 0.6 nm, independent of the size of the supercell used for calculation. The mean spacing of defects at 10 20 cm −3 is approximately 2.2 nm.
V. CONCLUSION
We have reported the structural, optical, transport, and magnetic properties of single crystals of the p-type semiconductor CuAlO 2 precipitated from a CuO flux. Optical absorption determines that the indirect and direct band gaps are 2.97 and 3.47 eV, respectively. The indirect gap value is larger than most reported from thin-film studies, and in line with other single-crystal studies, indicating that the film re-ports are likely to be influenced by strain defects. The temperature-dependent transport measurements are reproducible in many samples with low contact resistance. The measurements support a model of band-type conduction in a semiconductor dominated by acceptor defects. The acceptor level, deduced from the carrier-density temperature dependence, is about 700 meV above the valence band. The acceptor defect could be a Cu vacancy, since density-functional calculations suggest that Cu vacancies have the lowest formation energies of all likely acceptor defects and the calculated ionization energy of such a defect, about 700 meV in CuAlO 2 , is in quantitative agreement with our measurement. The observed paramagnetic moment at low temperature gives a density of 3.4ϫ 10 20 cm −3 spin 1 2 entities. This is consistent with the required number of acceptor defects, so if the Cu vacancies have a localized moment as suggested by some calculations, then the paramagnetism could be from the Cu vacancies, but this remains unresolved. There is a large resistivity anisotropy, with the ab-plane resistivity at room temperature about 25 times smaller than that along the c axis. In a band-conduction model, this translates to a mobility anisotropy, with the Cu planes providing an easier conduction path than the O-Cu-O bonds perpendicular to the planes, though the mechanism for the strong temperature dependence of the mobility is not known. The ab-plane and c-axis mobilities at 300 K are 3.0 and 0.12 cm 2 V −1 s −1 , respectively, large enough to support a band-conduction model over a polaron conduction model in this temperature range, at least for the ab-plane transport. These relatively large mobilities compared to those reported in polycrystalline bulk or thin-film CuAlO 2 also indicate that the properties measured are closer to the intrinsic CuAlO 2 properties.
